1. Introduction {#sec1}
===============

Titanium has become the material of choice in many treatment modalities in the dental field [@bib1]. For dental implants, osseointegration (OI) of bone to the implant surface is considered the major criteria of implant\'s treatment success \[[@bib2], [@bib3], [@bib4], [@bib5]\]. Titanium has a high osseointegrative capacity compared to other biomaterials. It can achieve high levels of bone anchorage due to their biocompatibility and excellent mechanical properties, and extensive research has been done to enhance these surface properties. In this study, we combine some of the most recent trends of titanium surface modifications to assess their effect on the OI process.

1.1. Photofunctionalization {#sec1.1}
---------------------------

Although titanium is the most biocompatible and the most clinically used alloy for orthopedic and dental implants, it was found to be subjected to "biological ageing" in which they encounter time-related degradation of their bioactivity leading to a decrease in their osteoconductivity over time \[[@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24]\]. One of the approaches that have been done to overcome this issue was Photofunctionalization (PhF), a concept described by Takahiro Ogawa [@bib11] in which he used ultraviolet light to alter the physiochemical properties of titanium surfaces and increase the bone-implant contact (BIC) to almost 100%, a phenomenon termed "Superosseointegration". Ultraviolet application to titanium surfaces was shown to effectively reverse the ageing process of titanium caused by the deposition of hydrocarbon on its surface. It also restored the surface charge back to positive and remarkably increased the hydrophilicity of the surface.

On the molecular level, protein absorption, and osteoblastic function becomes highly enhanced leading to an almost ideal surface contact, and therefore better primary stability and substantial therapeutic significance. Photofunctionalization have shown to decreases morbidity and improves treatment outcome by highly increasing the Bone-implant contact leading to a 3-fold increase in the strength of primary stability. It therefore allows for a quicker loading protocol and a decreased overall treatment time. It also permits the use of shorter and smaller implants in complex cases without compromising the success rate \[[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68]\]. Photofunctionalization resulted in similar effects when applied on other alloys as well as non-alloy materials such as zirconium, opening possibilities to further research applications in the field of dental materials. Moreover, this new technology has been applied with different other surface modification techniques such as nanotechnology and stem cell tissue engineering and has shown promising results \[[@bib32], [@bib69], [@bib70], [@bib71], [@bib72], [@bib73], [@bib74], [@bib75], [@bib76], [@bib77], [@bib78], [@bib79], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84], [@bib85], [@bib86], [@bib87], [@bib88], [@bib89], [@bib90], [@bib91], [@bib92], [@bib93], [@bib94], [@bib95], [@bib96], [@bib97]\].

1.2. Gold nanoparticles (GNPs) {#sec1.2}
------------------------------

The unique physical and chemical properties and the high biocompatibility of Gold nanoparticles (GNPs) have made them highly attractive for the use in different medical fields such as targeted gene and drug delivery, diagnostics as well as tissue engineering research \[[@bib98], [@bib99], [@bib100], [@bib101], [@bib102], [@bib103], [@bib104]\].

Cellular uptake of GNPs causes them to bind to cytoplasmic proteins and act as osteogenic agents to enhance bone tissue regeneration [@bib105]. Following cellular endocytosis \[[@bib106], [@bib107]\], GNPs act as a mechanical stimuli and lead to activation of the p38 mitogen-activated protein kinase signaling pathway (MAPK) which up-regulates the transcription factor (Runx-2) in the nucleus. Runx-2 is the main gene responsible for directing and enhancing osteogenic differentiation of mesenchymal stem cells into osteoprogenitor cells. It induces the expression of other osteoblastic specific genes such as Osteopontin (OPN), Osteocalcin (OCN) and Collagen type I, alpha 1(Col-1) \[[@bib108], [@bib109], [@bib110], [@bib111]\] ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Endocytosis of GNPs causes them to activate the p38 MAPK pathway which stimulates of the Runx-2 gene leading to osteogenic differentiation.Fig. 1

Previous studies have shown that beside these osteogenic capabilities, GNPs also inhibit osteoclast formation [@bib112] as well as adipogenic differentiation [@bib113]. GNPs can therefore be very useful if it is applied on titanium surfaces as a method of surface modification as it can stimulate bone formation and hence, faster implant osseointegration and better primary stability [@bib75]. One recent study found that 28 nm sized GNPs enhances osteogenic differentiation of Adipose Derived Stem Cells and increases the expression of specific markers related to osseous growth. These concluded that these findings suggested that Titanium-GNP (Ti-GNP) have an increased osteoconductive capabilities [@bib114]. Nevertheless, Others have found that the smaller the size of GNPs, the more significant impact on osteogenic differentiation [@bib115].

In this study, 10 nm diameter spherical GNPs were used in order to assess whether this size will promote more osteogenic differentiation than those previously mentioned in the literature.

1.3. Simulated body fluid (SBF) {#sec1.3}
-------------------------------

In order to bond to living bone, it is essential for any biomaterial to form a biomimetic bone-like apatite on the material surface. Simulated body fluid (SBF) is a solution which has an ion concentration close to that found in human blood plasma \[[@bib116], [@bib117]\]. The precipitation of calcium and phosphate ions found in SBF causes spontaneous growth of apatite with a similar molecular structure to bone on the surface of biomaterials. Different materials have been immersed in SBF, and it was shown that their in vitro bone bioactivity could be predicted by the extent of resulting apatite formation [@bib118]. Several studies have reported that SBF application on titanium leads to biomimetic deposition of apatite crystals on their surfaces \[[@bib119], [@bib120], [@bib121]\]; this formed hydroxyapatite layer highly increases the osteoconductivity of titanium surface and hence, improves the osseointegration process \[[@bib122], [@bib123]\]. In our study, we have used SBF alone and with gold nanoparticles and with or without UV light application to assess the extent of tissue growth on the titanium plates.

1.4. Mesenchymal stem cells (MSCs) {#sec1.4}
----------------------------------

Stem cells are promising tools in tissue engineering; they are characterised by their ability of self-renewal and their potential to differentiate into various cell lineages from the three germ layers. Mesenchymal stem cells (MSCs) are multipotent cells and have the potential to differentiate into mesodermal cells to form bone, cartilage, skeletal muscles or adipose tissue \[[@bib124], [@bib125]\] This process of differentiation is a basic step in promoting regeneration [@bib126]. The abundance of MSCs at the site of bone injury and their ability to suppress the immune response and stimulate bone regeneration [@bib127] makes these cells very influential in the process of osseointegration.

The bone marrow contains a considerable population of MSCs capable of differentiating into bone. The differentiation of these cells into osteogenic progenitor cells can be influenced by many factors \[[@bib128], [@bib129]\]. In this in vivo study, we have used rat\'s bone marrow stem cells (rBMSCs) to evaluate the growth of MSCs on different titanium surface treatment modalities. Cellular differentiation was evaluated by the expression of col-1, OPN and OCN as well as the expression of the Alkaline phosphatase (ALP) activity of the cells.

2. Materials and methods {#sec2}
========================

2.1. Experiment outline {#sec2.1}
-----------------------

The objective of this study was to assess the cell growth of mesenchymal stem cells (MSCs) obtained from rat\'s bone marrow stem cells on the surface of titanium (TiO~2~) in different conditions. SBF, GNPs and UV PhF were applied to the TiO~2~ plates. The main outline of the experiment consisted of six groups of titanium plates, each group has a different modification modality. The groups were named 1A, 2A, 3A, 1B, 2B and 3B. Their surface characteristics were prepared as the following ([Fig. 2](#fig2){ref-type="fig"}):**Group A:**1- (TiO~2~ + MSCs),2- (TiO~2~ + MSCs + SBF),3- (TiO~2~ + MSCs + SBF + GNPs)**Group B:**1- (TiO~2~ + MSCs + PhF),2- (TiO~2~ + MSCs + SBF + Ph)F,3- (TiO~2~ + MSCs + SBF + GNPs + PhF)Fig. 2TiO~2~ discs were grouped as follows: 1. MSCs, 2. MSCs and SBF, 3. MSC, SBF and GNPs, A. Non-photofunctionalized group, B. Photofunctionalized group.Fig. 2

2.2. Processing methods {#sec2.2}
-----------------------

Commercially pure (99.7%) Titanium grade 4 disks (20\*20 mm, 1.5 mm thickness) were obtained (Baoji Rare Titanium Nickel co, Guangzhou, P.R. China). The sequence of processing was acid etching for 30 minutes, SBF for 24 hours, PhF for 48 hours, GNPs for 24 hours, followed by MSCs application on the TiO~2~ plates to evaluate their osteogenic differentiation and growth.

### 2.2.1. Acid etching {#sec2.2.1}

All titanium plates were sterilized using a regular autoclave, and then acid-etched with 67% Sulfuric acid (H~2~SO~4~) at 120 °C for 30 minutes. All plates were then disinfected, washed twice with distilled water and then put into the 6 well cell culture plate.

### 2.2.2. Photofunctionalization {#sec2.2.2}

Group B titanium plates were photofunctionalized by closely exposing them to UV light for 48 hours in a dark box using a 15 W bactericidal lamp; (Toshiba, Tokyo, Japan) with a combined peak intensity of 0.05 mW/cm^2^ (λ = 360 ± 20 nm) and 2 mW/cm^2^ (λ = 250 ± 20 nm).

### 2.2.3. Biomimetic hydroxyapatite deposition and characterization {#sec2.2.3}

Simulated Body Fluids from Beijing LEAGENE Biotechnology Co., Ltd (CZ0400), was prepared to mimic the ion concentrations found in human plasma. Titanium plates in groups 2A, 3A, 2B and 3B were soaked in SBF (pH 7.40) at 37 °C for 24 hours prior to the experiment. The disks were then removed and gently washed three times in distilled water for 30 seconds and then air-dried on a clean bench. Surface morphology was then assessed using scanning electron microscopy (SEM).

### 2.2.4. Titanium plates preparation {#sec2.2.4}

TiO~2~ plates from groups 3A and 3B were immersed in hexane acetone, ethanol and deionized water. They were then ultrasonically cleaned for 15 minutes, dried with nitrogen, soaked in sodium hydroxide solution for 24 hours, washed thoroughly with deionized water and ultrasonically cleaned again. TiO~2~ plates were then immersed in toluene solution containing 2% MPTPs at 60 °C for 24 hours, disinfected with ethanol, washed with deionized water and dried with nitrogen. Finally, the plates were immersed in 10 nm GNP solution from Shanghai carboxene biopharmaceutical Technology Co., Ltd (Au01002) at 37 °C for 24 hours, thoroughly cleaned with deionized water and then put into the 6-well plate.

### 2.2.5. Rat bone marrow stem cells (rBMSCs) isolation and culture {#sec2.2.5}

All procedures employed in this study involving animals and their care were conducted in accordance to the National Institutes of Health guidelines (NIH Publication No. 85--23, revised 1996) and were approved by the Wuhan University Animal Care and Use Committee.

#### 2.2.5.1. Isolation {#sec2.2.5.1}

Healthy 6--8 week old Sprague Dawley (SD) rats (4 SPF) were purchased from animal experimental center of Zhongnan Hospital of Wuhan University; L-DMEM medium (Dulbecco\'s Modified Eagle\'s medium), fetal bovine serum, trypsin, penicillin and streptomycin from (Procell); 100 mm plastic cell culture dishes from (Corning, USA); Inverted phase contrast microscope from (Olympus, Japan).

SD rats anesthetized with 10% chloral hydrate. 75% ethanol disinfection was done for 10 minutes twice and both lower limbs and lower abdominal area were cut with sterile scissors. Lower limb skin was cut. Legs, thighs, thigh muscle and bone were removed. Femur was exposed and hip joint and knee joint were cut. Then the bilateral femur and tibia were removed under sterile conditions, followed by the bone surface muscle and periosteum. Femur and tibia were separated into a sterile petri dish and sterilized by flushing the bone three times with a sterile solution containing 5% PBS penicillin and streptomycin, and 1% mycillin. Washing was repeated by soaking in large 50 ml centrifuge tube. When the liquid was completely soaked the bones, rongeur metaphysis was applied, using a needle pulling 5 ml culture system (L-DMEM medium +100 U/mL penicillin and streptomycin + 2 mML- glutamine + 7.5% NaHCO~3~ + 10% FBS). Bone marrow was isolated, percussion with pipettes, made into single cell suspension adding PBS at 1600 rpm for 5 min followed by centrifugal elutriation twice. The density gradient centrifugation isolated the cell suspension in a L-DMEM1:5 dilution. Lymphocytes of rats were placed in a separate volume Liquid. The liquid layered Percoll (density 1.073 g/mL), placed in the centrifuge at 1600 r/min for 15 min. A ring with a middle brown cloudy layer of cells (mononuclear cell layer) were formed. It was washed with PBS twice, centrifuged for 10 min at 1600 r/min, supernatant was discarded, and then 10 mL L-DMEM medium was added into a single cell suspension and then inoculated in 100 mm cell culture dish at 37 °C and 5% CO~2~ hatch.

#### 2.2.5.2. Cell culture {#sec2.2.5.2}

Following 48 h of primary culture, the medium was replaced by a fresh medium. Then the cells were covered with the bottom of the culture bottle and they were fused into a single layer. The density of the cells was 70%--80%. Cell passaging was carried out with the ratio of 1:2.

Cells where seeded on all titanium plates. MEM- alpha was added to 10 % FBS and 1% Penicillin-Streptomycin Solution. When the cell density reached 80%, the cells were passaged. The culture medium was then discarded and washed with PBS and 1--2 ml 0.25% trypsin. Separation of cells was observed under the microscope till they became rounded indicating complete digestion. Pancreatin was discarded and the cells were put into a single cell suspension and then passaged according to the ratio of 1:3 at 37 °C and 5% CO~2~ in saturated humidity conditions to expand cultivation. Light microscopy was used to assess proliferation.

2.3. Tests {#sec2.3}
----------

### 2.3.1. CCK8 test and spectrophotometry {#sec2.3.1}

The cell counting kit (CCK-8) was performed to determine the extent of the MSCs viability after 24 hours of cell culture with the different TiO~2~ modification modalities. Following one day of incubation the absorbance on bare titanium with no modification (1A) was fixed at 100% as a control and spectrophotometry was done. The optical density (OD) of all groups were compared to 1A.

Cell counting kit (CCK8) was applied to each well by adding of 300 ml of the solution for 4 h, and then another 100 ul was added to each of the 5 holes in every group of titanium plates. The mortality rate was measured in each hole by OD450 standard enzyme. spectrophotometry was then done do check for the optical density.

### 2.3.2. Dead/live assay {#sec2.3.2}

Confocal laser scanning microscopy was used to examine cell viability in hBMSCs seeded onto titanium surfaces. After 24 h of culture, the cells were fixed in 10% formalin and stained using the fluorescent dye calcein-AM (Green) for live cells and Propidium iodide (red) for dead cells. Using fluorescent images, each TiO~2~ group were assessed for four different plates and they were then averaged together.

### 2.3.3. Immunofluorescence {#sec2.3.3}

Morphology and morphometry of cells on TiO~2~ surfaces of all groups were examined after 24 hours following cell seeding to evaluate the cellular spreading and cytoskeletal arrangement of the cultured cells using confocal laser scanning microscopy. Cells were fixed in 10% formalin and confocal microscopic images of cells stained with 4′,6-diamidino-2-phenylindole (DAPI) to detect the nucleus (keygentec), antivinculin to detect vinculin protein within the cytoplasm (Proteintech), and rhodamine phalloidin for actin filaments (beyotime.inc).

### 2.3.4. Surface characterization {#sec2.3.4}

Scanning electron microscope (S2300, Hitachi, Japan) was used after 24 hours of seeding the cells on the plates to examine the surface topographies of the titanium plates as well as the cellular morphology in each group. 1500, 3000 and 5000 magnifications were used for observation.

### 2.3.5. PCR gene expressions {#sec2.3.5}

#### 2.3.5.1. Real time fluorescence quantitative PCR detection mRNA {#sec2.3.5.1}

Extraction of RNA was done using TRIzol™ reagent, the excess PBS was washed off, rinsed twice, then 1 ml of TRIzol™ was added to cells followed by to 1.5 ml RNase in the EP tube for 10 min and 200 ul chloroform and mixed thoroughly several times in room temperature for 5 minutes. It was then centrifuged for 15 minutes at 12000 rpm till the RNA was visible under the third phase. The upper aqueous phase (about 400 ul) was transferred into a new 1.5 ml EP tube. 400 ul isopropyl alcohol was added, mixed well, placed at room temperature for 10 min and then centrifuged at 12000 rpm for 10 minutes. The bottom of the tube was seen white due to RNA precipitation. Excess liquid was discarded and RNase of 75% ethanol 1 ml was added, mixed and centrifuged again for 5 minutes at 10000 rpm. The RNA precipitation was air dried for 5--10 minutes and then dissolved and diluted in 20 ul DEPC solution. Optical density (OD) was calculated. The OD260, OD280 and OD260/OD280 values were determined by UV spectrophotometer, and the purity and concentration of RNA were calculated. According to the ratio of OD260/OD280, the quality of RNA was estimated, and the ratio was between 1.8 and 2.0. The absorbance value was calculated according to the following formula the concentration of the sample RNA: Total RNA concentration (ug/ul) = OD260 \* 40 \* 200 \* 10-3. The total RNA was placed in the refrigerator at −80 °C for storage.

#### 2.3.5.2. Reverse transcription into cDNA {#sec2.3.5.2}

*Reagents:* 2.576 ul RNA, 2 ul of Oligo (dT) 15 (10 uM), 2 ul of dNTP (2.5 mM) and up to 14.5 ul of ddH~2~O (RNase free). Reaction conditions were 70 °C for 5 min, following a brief centrifugation on the ice. All were put in the PCR tube (14.5 ul) and added with 4 ul of 5×RT buffer, 0.5 ul of RNase Inhibitor. 1 ul of M-MLV reverse transcriptase and Up to 20 ul of ddH~2~O (RNase free). *Reaction conditions* for this were 42 °C for 60 minutes and 95 °C for 5 minutes.

#### 2.3.5.3. Semi quantitative RT-PCR detection {#sec2.3.5.3}

*Reagents:* 0.5 ul Reference F (10 uM), 0.5 ul Reference R (10 uM), 2 ul dNTP (2.5 mM), 0.25 ul Ex Taq, 2.5 ul 10×Ex Taq E buffer, 1 ul cDNA and Up to 25 ul ddH~2~O.

*Reaction condition:* 4 minutes at 94 °C; 30 seconds at 94 °C, 30 seconds at 56 °C, 25 seconds at 72 °C, and then 30 cycles for 4 minutes at 72 °C.

#### 2.3.5.4. Real time fluorescent quantitative PCR detection {#sec2.3.5.4}

*Reagents:* 4 ul of cDNA was diluted 10 times, then added to 0.4 ul Forward Primer (100 uM), 0.4 ul Reverse Primer (100 uM), 10 ul SYBR Green/Fluorescein qPCR Master Mix (2×), and 2 ul H~2~O~5~. *Reaction condition:* 0 °C for 2 minutes, 95 °C for 10 minutes; 95 °C for 30 seconds, 60 °C for 30 seconds, 40 cycles. 50 °C minutes, 95 C 10 minute as; 95 °C for seconds 30, 60 °C for 30 seconds. For the dissolution curves, the final data were analyzed by 2^−△△Ct^.

#### 2.3.5.5. Primer sequence table {#sec2.3.5.5}

The primer sequence for different markers is shown in ([Table 1](#tbl1){ref-type="table"}).Table 1Primer sequence for Col-1, OCN and OPN.Table 1NamePrimerSequenceSizeb-actinForward5′- CACGATGGAGGGGCCGGACTCATC -3′240 bpReverse5′- TAAAGACCTCTATGCCAACACAGT -3Rat Col IForward5′-TGACTGGAAGAGCGGAGAGT -3′202 bpReverse5′-GAATCCATCGGTCATGCTCT-3Rat OCNForward5′- TCATGTCCAAGCAGGAGGGCAGTAA-3′175 bpReverse5′- TTGTAGGCGTCCTGGAAGCCAATGT -3Rat OPNForward5′-CCCGATGCCACAGATGAG -3′121 bpReverse5′-TCCCGTTGCTGTCCTGAT -3

### 2.3.6. Alkaline phosphatase activity assay {#sec2.3.6}

Alkaline phosphatase (ALP) activity was assessed after two weeks of cell seeding into the titanium plates and was evaluated as the amount of p-Nitrophenyl Phosphate (PNPP) released by the enzymatic reaction at specific areas in a photo of the titanium plates. It was measured using the use of IPP6.0 software.

2.4. Statistical analysis {#sec2.4}
-------------------------

Graphpad prism 5.0 was used to perform the statistical analysis in this study. The One-way analysis of variance (One-way ANOVA) was used to compare between the results of different TiO~2~ groups either by using Bonferroni\'s Multiple Comparison Test for multiple comparisons or by Dunnett\'s Multiple Comparison Test to compare between TiO~2~ results with the control group 1A. Unpaired one-tailed t-tests were performed separately for comparison between the results of two separate groups.

3. Results {#sec3}
==========

3.1. Cell count and optical density (OD) {#sec3.1}
----------------------------------------

### 3.1.1. Spectrophotometry {#sec3.1.1}

The optical density (OD) was measured and cell count was performed and then calculated in percentages compared to 1A ([Table 2](#tbl2){ref-type="table"}) and plotted in ([Fig. 3](#fig3){ref-type="fig"}).Table 2Cell count was performed in 5 separate TiO~2~ plates of each group. 3B (GNP + SBF + PhF) showed maximum cellular proliferation compared to the other TiO~2~ surfaces.Table 2TiO~2~ group12345Average1A100.00%101.29%101.29%101.93%99.36%**100%**2A110.30%101.29%112.87%100.64%107.72%**106%**3A125.10%133.46%127.67%125.10%120.59%**126%**1B116.73%114.16%117.37%116.09%116.09%**116%**2B134.11%131.53%132.82%129.60%132.82%**132%**3B146.98%152.12%143.11%150.84%154.70%**149%**Fig. 3Cell growth ratio and standard deviation (SD) on different TiO~2~ modified surfaces compared to the control group (1A) which was set at 100%. UV treated groups showed higher cellular density in general, and Group 3B showed the highest density.Fig. 3

#### 3.1.1.1. Statistical analysis {#sec3.1.1.1}

One-way ANOVA was used to perform statistical analysis. Bonferroni\'s Multiple Comparison Test between each two groups revealed that there is a statistical significant increase in cellular count when adding SBF, GNPs and UV light treatment to the titanium plates. The only two non-significant differences were between 1A vs 2A and 3A vs 2B ([Table 3](#tbl3){ref-type="table"}).Table 3Bonferroni\'s Multiple Comparison Test between different optical densities. Significance level is indicated by\*.Table 3Bonferroni\'s Multiple Comparison TestMean diff.tSignificance P \< 0.05Summary95% CI of diff1A vs 2A−5.7902.369Nons−13.93 to 2.3521A vs 3A−25.6110.48Yes\*\*\*−33.75 to −17.471A vs 1B−15.316.265Yes\*\*\*−23.46 to −7.1721A vs 2B−31.4012.85Yes\*\*\*−39.54 to −23.261A vs 3B−48.7819.95Yes\*\*\*−56.92 to −40.63**2B vs 3B−17.377.107Yes\*\*\*−25.52 to −9.232**[^1]

3.2. Cell viability assay (live/dead assay) {#sec3.2}
-------------------------------------------

PhF and GNPs increase the cellular viability ([Fig. 4](#fig4){ref-type="fig"}), The percentage of viable cells was counted. The ratio of live cells was found to increase in the TiO~2~ plates in the following order 1A, 2A, 3A, 1B, 2B, 3B ([Table 4](#tbl4){ref-type="table"}). The ratio with the standard deviations of all groups was plotted in ([Fig. 5](#fig5){ref-type="fig"}).Fig. 4All PhF TiO~2~ surfaces showed higher cellular viability when compared to the non-PhF ones. In both UV treated and non treated groups, the viability in comparison was GNPs \> SBF \> H~2~So~4~.Fig. 4Table 4Live/dead assay shown by the average percentage of live cells from the total cell count.Table 41234Average1A48.8449.0654.3949.1850.37%2A53.7355.1054.1257.8955.21%3A60.0059.2664.5260.6161.10%1B70.0060.7163.4164.1564.57%2B78.2672.2267.5060.9869.74%3B82.3581.8279.1773.3379.17%Fig. 5The ratio of live cells in different TiO~2~ groups, with the standard deviation (SD).Fig. 5

### 3.2.1. Live/dead assay results {#sec3.2.1}

#### 3.2.1.1. Statistical analysis {#sec3.2.1.1}

Statistical analysis shows that the live/dead ratio is significantly higher in UV treated groups than the non UV treated ones ([Table 5](#tbl5){ref-type="table"}).Table 5Dunnett\'s Multiple Comparison Test for cell viability between different TiO~2~ groups. T test was preformed for 2B and 3B. Significance level is indicated by\*.Table 5Dunnett\'s Multiple Comparison TestMean diff.qSignificance P \< 0.05 (t-test)Summary95% CI of diff1A vs 2A−4.8971.677Nons−12.96 to 3.1671A vs 3A−10.793.693Yes\*\*−18.85 to −2.7211A vs 1B−14.264.882Yes\*\*\*−22.32 to −6.1911A vs 2B−19.436.653**0.0156**\*\*\*−27.49 to −11.361A vs 3B−28.869.881**0.0147**\*\*\*−36.92 to −20.79[^2]

3.3. Morphology and morphometry of cells {#sec3.3}
----------------------------------------

The OD of Actin and vinculin are good indicators for cytoskeletal development. The pattern of actin and vinculin expression was as the following:

1B \> 1A, 2B \> 2A, and 3B \> 3A. The expression of actin and vinculin was found to increase in the titanium plates in the following order 1A, 2A, 1B, 3A, 2B, 3B ([Fig. 6](#fig6){ref-type="fig"}).Fig. 6PhF treated titanium expressed higher stress fibers development, cytoskeletal maturation as well as higher differentiation and cellular density than those with no PhF treatment. The cellular growth and development was GNPs \> SBF \> H~2~SO~4~.Fig. 6

### 3.3.1. Optical density (OD) calculations {#sec3.3.1}

IPP6.0 software was used for the analysis of the optical density of fluorescent photographs, each group had three TiO~2~ plates analyzed, optical density analysis per area was calculated for the integral optical density (IOD). The average OD were then calculated ([Table 6](#tbl6){ref-type="table"}) and ([Fig. 7](#fig7){ref-type="fig"}).Table 6Average optical density of actin and vinculin for different TiO~2~ groups.Table 6GroupAverage OD of F-actinAverage OD of vinculin1A0.061320.051351B0.069580.060332A0.066080.056082B0.082100.075183A0.075080.066903B0.085180.07911Fig. 7UV treated groups show enhanced expression of actin and vinculin.Fig. 7

3.4. Surface characterization using scanning electron microscopy (SEM) {#sec3.4}
----------------------------------------------------------------------

SEM was preformed 24 hours following seeding the cells onto the TiO~2~ plates to check for surface morphology. The acid-etched titanium plates were of uniform roughness with about 2 um pits as can be seen in 1A and 1B ([Fig. 8](#fig8){ref-type="fig"}a). SBF coated plates (2A and 2B) shows the hydroxyapatite layer at higher magnification ([Fig. 8](#fig8){ref-type="fig"}b). Both PhF treated ([Fig. 9](#fig9){ref-type="fig"}) and GNP treated ([Fig. 10](#fig10){ref-type="fig"}) SBF surfaces showed enhanced cellular differentiation. The osteoblasts showed a more defined filopodia and lamellipodia attached to the TiO~2~ surface. The PhF groups in general show high increase in affinity and more cellular spread on titanium indicating an increase of the hydrophilicity to the titanium surface ([Fig. 11](#fig11){ref-type="fig"}).Fig. 8a) acid etched TiO~2~. b) SBF-modified showing the hydroxyapatite layer covering the TiO~2~ surface.Fig. 8Fig. 9a) SBF-treated none PhF surface, b) SBF-treated PhF surfaces show higher cellular differentiation.Fig. 9Fig. 10a) SBF treated surfaces, b) GNP treated surfaces at the same magnification showing more cellular maturation.Fig. 10Fig. 11a) GNP -- treated surfaces, b) GNP and UV treatment showing more pronounced pseudopodia and cytoskeletal development.Fig. 11

3.5. Osteogenic gene expression {#sec3.5}
-------------------------------

The osteogenic differentiation was assessed using quantitative real-time PCR (qPCR) after one week of cell culture to measure the gene expressions of the Col-1, OPN and late osteogenic biomarker OCN was analyzed.

Beta-actin was used as the reference gene, it was used as a positive control for the expression of Col-1, OPN and OCN ([Table 7](#tbl7){ref-type="table"}).Table 7B-actin relative gene expression for different TiO~2~ groups.Table 71A2A3A1B2B3BRat *B-*actin19.07118.28618.70118.63619.20418.72219.08318.19818.61218.47419.18418.80219.06618.34118.58818.68119.33918.843

### 3.5.1. Collagen 1 {#sec3.5.1}

The average relative gene expression of Col-1 protein was calculated from the PCR results are plotted in ([Fig. 12](#fig12){ref-type="fig"}). 1A was considered the control group. Statistical analysis is shown in ([Table 8](#tbl8){ref-type="table"}).-**Analysis of relative gene expression of Col-1**:Fig. 12Col-1 expression with the standard deviation (SD).Fig. 12

The mean Col-1 expression of different groups was 1A (1.000), 2A (1.547), 3A (1.807). 1B (1.781), 2B (2.412), 3B (3.446).

Col-1 expression after one day of cell culture on the titanium plates was higher on the UV treated group (group B) than that of group A. 1B showed more Col-1 expression than 1A, 2B showed more expression than B1 and 3B also showed more expression of Col-1 than 3A. Titanium plates with SBF coating showed more expression of this biomarker than the plates with no SBF treatment, while the TiO~2~ plates modified with GNPs were the highest to express this gene.

#### 3.5.1.1. Statistical analysis {#sec3.5.1.1}

Table 8Dunnett\'s Multiple Comparison Test shows significant increase of Col-1 between 2B and 3B compared to the control. \*indicates the level of significance. Separate t-tests shows that 3B is more significant.Table 8Dunnett\'s Multiple Comparison TestMean diff.qSignificance P \< 0.05 (t- test)Summary95% CI of diff1A vs 2A−0.54671.811Nons−1.422 to 0.32891A vs 3A−0.80702.674Nons−1.683 to 0.068601A vs 1B−0.78132.589Nons−1.657 to 0.094271A vs 2B−1.4124.6790.0263\*\*−2.288 to −0.53641A vs 3B−2.4468.1040.0065\*\*\*−3.321 to −1.570[^3]

### 3.5.2. Osteopontin {#sec3.5.2}

The average relative gene expression of OPN protein was calculated from the PCR results are plotted in ([Fig. 13](#fig13){ref-type="fig"}). 1A was considered the control group. Statistical analysis is shown in ([Table 9](#tbl9){ref-type="table"}).-**Analysis of relative gene expression of osteopontin**:Fig. 13OPN expression with the standard deviation (SD).Fig. 13

The mean OPN expression of different groups was 1A (1.000), 2A (1.202), 3A (1.850). 1B (1.365), 2B (2.616), 3B (3.843).

qPCR analysis of OPN showed that the non-PhF surfaces expressed less OPN than the UV treated groups.

#### 3.5.2.1. Statistical analysis {#sec3.5.2.1}

Table 9Dunnett\'s Multiple Comparison Test shows significant increase of OPN between 3A, 2B and 2B with the control. \* indicates the level of significance. Separate t-tests shows the P values of the significant groups.Table 9Dunnett\'s Multiple Comparison TestMean diff.qSignificance P \< 0.05 (t test)Summary95% CI of diff1A vs 2A−0.20171.326Nons−0.6429 to 0.23951A vs 3A−0.84975.587yes\*\*\*−1.291 to −0.40851A vs 1B−0.36532.402Nons−0.8065 to 0.075871A vs 2B−1.61610.630.0067\*\*\*−2.057 to −1.1751A vs 3B−2.84318.690.0006\*\*\*−3.284 to −2.401[^4]

### 3.5.3. Osteocalcein {#sec3.5.3}

The average relative gene expression of OCN protein was calculated from the PCR results are plotted in ([Fig. 14](#fig14){ref-type="fig"}). 1A was considered the control group. Statistical analysis is shown in ([Table 10](#tbl10){ref-type="table"}).-**Analysis of relative gene expression of osteocalcin:**Fig. 14OCN expression with the standard deviation (SD).Fig. 14

The mean OCN expression of different groups was 1A (1.000), 2A (1.735), 3A (2.037). 1B (1.848), 2B (2.834), 3B (3.885).

The expression of the OCN was similar in pattern to those expressed by Col-1 and OPN. The UV treated surfaces had a noticeably higher gene expressions than their counter groups in the none-PhF surfaces.

#### 3.5.3.1. Statistical analysis {#sec3.5.3.1}

Table 10Dunnett\'s Multiple Comparison Test shows significant increase of OCN in all groups. \* indicates the level of significance. Separate t-tests shows the P values of the significant groups.Table 10Dunnett\'s Multiple Comparison TestMean diff.qSignificance P \< 0.05 (t test)Summary95% CI of diffA1 vs A2−0.75233.941Yes\*−1.323 to −0.1815A1 vs A3−1.0375.434Yes\*\*−1.608 to −0.4665A1 vs B1−0.84734.439Yes\*\*−1.418 to −0.2765A1 vs B2−1.8349.6070.0120\*\*\*−2.405 to −1.263A1 vs B3−2.88615.120.0002\*\*\*−3.457 to −2.315[^5]

3.6. ALP activity {#sec3.6}
-----------------

ALP activity was measured two weeks after cell seeding onto the TiO~2~ plates. The p-Nitrophenyl Phosphate (PNPP) was used a single-point photospectrometry assay via calculating the catalytic ability of ALP to hydrolyse the PNPP. It was measured by the amount of hydrolysis per square area on the TiO~2~ surfaces ([Fig. 15](#fig15){ref-type="fig"}) using the IPP6.0 software.Fig. 15ALP expression after 2 weeks of cell seeding, showing much higher results in the PhF TiO~2~ groups.Fig. 15

ALP activity results following two weeks of cell seeding showed remarkable differences between the PhF TiO~2~ surfaces and the non-PhF ones ([Fig. 14](#fig14){ref-type="fig"}). 3B had the highest expression among all surfaces with 20% more ALP expression than B2.

4. Discussion {#sec4}
=============

The implant\'s surface topography can highly affect the osseointegrative capacity and enhance the level of cellular attachment and spreading. Rougher surfaces for instance show higher osteoblastic proliferation and collagen synthesis than smooth surfaces. The biological properties can also significantly influence the cellular reactions toward the surface of the implant. For example, hydrophilic surfaces enhances osteoblastic differentiation than hydrophobic surfaces \[[@bib130], [@bib131]\].

Takahiro Ogawa et al. [@bib11] used UV light to photofunctionalize the titanium surface and convert it from hydrophobic to what he called "superhydrophilic", the UV modification have also to change the surface charge from negative to positive as well as removing the surface carbons that accumulates on the TiO~2~ surface resulting in a significant increase in protein absorption, osteoblastic differentiation and mineralization. It was shown that UV PhF can increase the BIC from 55% to over 98%, translating into a significant increase in primary stability and decrease in healing time. Simulated body fluid (SBF) was reported in the literature to form a hybrid micro-nano TiO~2~ surface. Its ability to form a bone-like apatite layer has proved to enhance both the mechanical and biological properties [@bib132]. Similarly, many other reports have also suggested that the increase in surface energy (hydrophilicity) does not only improve cellular function, but also leads to more expression of osteogenic biomarkers such as Col-1, OPN and ALP \[[@bib133], [@bib134], [@bib135]\]. Makiko Saita et al. photofunctionalized SBF-modified titanium and found that PhF accelerated the deposition of nanoscale apatite on titanium, and the function of osteoblasts were further enhanced on the apatite-coated titanium [@bib136]. Dohan Ehrenfest et al. found that titanium surface nanomodification has a remarkable impact on the osseointegration process by altering the molecular level via the expression of higher surface energy leading to an increase in the hydrophilicity of the surface and therefore enhancing the cellular and protein interactions on the TiO~2~ surface [@bib137]. In another study, Dong Nyoung et al. demonstrated that gold nanoparticles enhances the osteogenic differentiation of adipose derived stem cells and shows high expression of osteogenic differentiation specific markers such as COL1, Runx2, OCN, as well as high levels of alkaline phosphatase activity [@bib138].

Collagen type I (COL-1) is the major matrix protein produced during the proliferation of osteoblasts and it is the most abundant protein in bone matrix \[[@bib139], [@bib140]\]. It is a good parameter of cellular differentiation but is not exclusive to osteoblastic cells, therefore, quantifying the expression of osteopontin (OPN), osteocalcin (OCN) and alkaline phosphatase (ALP) is essential. These biomarkers are more specific to bone formation and mineralization [@bib141]. Osteopontin is a multifunctional protein linked mainly to bone metabolism and remodeling. It is produced by osteoblasts and osteoclasts and it is involved in the remodeling of bone matrix and in tissue calcification \[[@bib142], [@bib143]\]. Osteocalcin is produced only by osteoblasts and is involved in bone metabolism [@bib144] It is one of the main biomarkers indicating activity of osteoblasts [@bib145]. ALP, although not specific to osteoblasts, is an essential early marker for osteoblast differentiation. It also plays a major role in the mineralization process [@bib146].

4.1. Optical density {#sec4.1}
--------------------

In our study we have created a hybrid micro-nano topography on the TiO~2~ surface. The titanium plates in group 3B had all the surface treatment modalities we proposed. Results have shown a significant increase in OD for 3B group compared to the only acid etched groups, except for 2A which increased by only 6%, indicating that the hydroxyapatite layer alone has less impact on cellular differentiation and proliferation than GNPs and PhF. The OD increased by 20% in 3A compared to the control group indicating higher biocompatibility of nanoscale surfaces over not only microtopographies, but also Phf ones. The PhF-SBF plates (2B) showed higher results than those non-PhF nanotopographies indicating higher impact of UV light, 3B had a significantly more OD when compared to 2B with a p value \< 0.0001, which also puts an emphasis on the GNPs effect on the cellular differentiation.

4.2. Cytotoxicity {#sec4.2}
-----------------

In order to investigate the cytotoxicity of different modification modalities on the MSCs, a live/dead assay was performed. and the results showed an increased cellular viability in the following matter 1A \< 2A \< 3A \< 1B \< 2B \< 3B with the number of live cells compared to total cells is roughly 50%, 55%, 60%, 65%, 70% and 80% respectively. Following 24 hours of cell seeding into TiO~2~ plates, there was roughly 5% increase of the number of living cells per each modification except for a 10% increase from 2B to B3 indicating that the increased protein absorption due to PhF probably enhances the GNPs role in cellular differentiation as well. It can also be suggested that the rapid differentiation of MSCs might may contribute to the increasing ratio of live cells. Our results are in accordance to previous studies which suggested that reported cytotoxicity of GNPs can be related to their surface ligand rather than from the nanoparticles themselves \[[@bib147], [@bib148], [@bib149]\]. Based on our results, we suggest that our 10 nm GNPs has less cytotoxicity than other groups and it also seemed to highly improve cellular viability.

4.3. Immunofluorescence {#sec4.3}
-----------------------

Confocal laser scanning microscopy was done after 24 hours of cell seeding and the immunofluorescence images showed the various osteoblast differentiation on the different titanium surfaces. PhF surfaces expressed 13% more actin fibers and 17% more vinculin than 1A which can be considered a representative of typical "as received" commercial implants. There was a higher cytoskeletal development and more organized stress fibers in the SBF coated plates 2B than 2A, and in the GNP-modified 3B than 2B. This confirms the positive physiochemical effect of the UV on reversing the biological ageing of the titanium surface. Our findings comes in accordance with many previous studies regarding the ageing of TiO~2~ surfaces and the reversing of this phenomena with PhF \[[@bib8], [@bib11], [@bib12], [@bib13], [@bib14]\].

The increased cellular attachment on UV treated plates can be linked to the removal of the hydrocarbon layer on the surface of TiO~2~ and to the increase in the surface energy which has been previously reported to accelerate both osteogenic differentiation of stem cells and the mineralization process [@bib142]. The enhanced cellular spreading on all groups of TiO~2~ compared to the none UV treated groups is also indicative of the newly acquired "Superhydrophilicity" of the surface.

Other treatment modalities also showed noticeable differences in cellular behavior. SBF immunofluorescent images showed higher cellular proliferation, more actin and vinculin expression and more cytoskeletal development than the none-SBF coated TiO~2~ plates due to the precipitation of calcium and phosphate ions from the simulated body fluid onto the titanium to form a layer of hydroxyapatite on its surface. These findings came in accordance to the previous studies which concluded that SBF coating enhances both the biological and the mechanical properties and therefore enhances the osteoblastic differentiation [@bib133]. The GNP modified group of titanium surfaces on the other hand showed the fastest rates of cellular differentiation, cytoskeletal maturation and associated actin and vinculin fibers expression, with 3B expressing just below 40% more actin and more than 50% vinculin compared to the control group. More mitotic activity was detected in the GNP modified surfaces. The positive biological effect of GNPs on cellular behaviour was shown to further enhance the physiochemical effect of PhF.

4.4. Surface characterization {#sec4.4}
-----------------------------

The scanning electron microscopy (SEM) images were also taken 24 hours after the stem cells were seeded onto the titanium plates. UV treated plates showed considerable increase in the cellular activity and extracellular matrix (ECM) production compared to the none UV treated ones indicating that PhF induced an increase in the affinity of cellular and protein absorption to the TiO~2~ surfaces. The hydroxyapatite coating on the SBF modified plates can be seen clearly covering the titanium micropits indicating the precipitation of the calcium and phosphate ions on the surface. This bone-like surface participates in the enhancement of the mechanical and biological properties, resulting in an enhanced cellular attachment and more cytoskeletal differentiation. 2B (UV treated) showed much more spreading due to the superhydrophilic TiO~2~ surfaces. The SEM images of the GNP treated TiO~2~ surfaces (3A, 3B) revealed more pronounced cellular extensions with 3B having more spreading and attachment across the titanium surfaces due to the PhF effect. Previous studies have shown that the increased roughness of TiO~2~ surface up-regulates the ALP activity and enhances osteoblastic differentiation but at the same time it reduces the proliferation rate compared to smooth surfaces while smooth surfaces have less effect on differentiation and more on proliferation \[[@bib143], [@bib144], [@bib145], [@bib146], [@bib147], [@bib148], [@bib149]\]. This suggests that the higher cellular attachment and proliferation seen in the GNP modified TiO~2~ plates in our study is not actually due to the hybrid micro-nano topography which was formed by the acid etched-hydroxyapatite coated layer but it is rather due to the GNP and the UV light effect.

The size of GNPs is reported in the literature to have various effects on cellular differentiation. D. Zhang et al. investigated the osteogenic effect of 20 nm and 40 nm GNPs differentiation and mineralization and they concluded that "size matters" and that the smaller GNPs show higher ALP activity than the larger ones [@bib114]. Wan-Kyu and colleagues also investigated other sizes ranging from 15 to 100 nm GNPs on adipose derived stem cells and they said 30--50 nm GNPs were the most efficient [@bib115].

We used 10 nm GNPs in our experiment, which is one of the smallest to be used for growing cells on a titanium surface and could be a key parameter for catalyzing the cellular differentiation process. The results showed that the 10 nm GNPs are very effective in promoting cellular differentiation and adhesion via increasing the protein adsorption at the nanoscale surface. Some studies have shown that nanosurfaces can interact with the osteoblasts and activate the integrin singling pathway to produce more extracellular matrix (ECM), and can also induce surface binding proteins to expose more membrane anchoring sites in the osteoblasts leading to enhanced cellular differentiation \[[@bib150], [@bib151], [@bib152], [@bib153], [@bib154], [@bib155]\]. Although results were more pronounced in UV treated surfaces (3B), 3A confirms the effectiveness of GNPs alone in promoting cellular differentiation is by cellular intake of the colloidal gold.

4.5. Gene expression {#sec4.5}
--------------------

Previous studies have shown that GNPs can specifically and highly promote the mitogen-activated protein kinases (MAPK) pathway leading to upregulation of the Runt-related transcription factor 2 (RunX-2) which is considered the major gene in the process of osteoblastic differentiation and in turn directly promotes the expression of other osteoblastic specific genes such as Col-1, OPN and OCN [@bib114]. This is consistent with our ECM and immunofluorescence findings which show increased ECM and pseudopodia development suggesting enhanced osteoblastic differentiation and maturation.

The results of the real time quantitative PCR have shown different levels of mRNA expression of Col-1, OPN and OCN. 1A had the least mRNA expression for the three genes and was considered the control group. All the other titanium groups showed an increase in all gene expressions indicating involvement of the MAP kinase pathway and the up-regulation of the expression of the osteogenic gene Runx-2. The expression of the genes was significantly higher than the control group in the UV treated hydroxyapatite coated TiO~2~ plates 2B and 3B (GNP-treated). This can be related to the increased serum protein adsorption due to the PhF effect and the GNPs combined. Previous reports highlighted that the incubation of nanomaterials results in an increased adsorption of serum proteins on the surface of the cells, and induces cellular influx of these nanoparticles through receptor-mediated endocytosis, causing them to aggregate in peri-nuclear compartments, interact with cytoplasmic proteins and activate metabolic signaling pathways \[[@bib156], [@bib157]\]. Despite the lack of visual detection of our GNPs due to their size we can still suggest based on these previous reports that the absorbed serum proteins on the surface of our GNPs have acted in a similar manner. This is supported by the increase in the expression of the three tested genes in group 3A indicating internalization of the 10 nm GNPs and activation of the MAPK pathway. The PCR results were further supported by the results of the ALP expression done one week after cell incubation.

4.6. Alkaline phosphatase activity {#sec4.6}
----------------------------------

ALP is a considered an early marker of osteogenic differentiation [@bib158] and is indicative of an ongoing mineralization process [@bib141]. The ALP assay in our experiment was performed 2 weeks after cell incubation and it revealed remarkable differences between the PhF TiO~2~ plates and the none-UV treated ones. The molecular response to UV light demonstrated by around a 3-fold increase in ALP activity in all TiO~2~ groups. Therefore, we can conclude that although GNPs are very effective in triggering and enhancing the cellular differentiation cascade, the absorption and cellular internalization of GNPs largely depends on the UV enhanced protein absorption capacity of the TiO~2~ surface. These PhF surfaces showed much higher cellular activity which confirms that the ageing of titanium and the resulting accumulation of surface carbon on the surface, loss of positive surface charge and hydrophilicity indeed significantly affects the speed and extent of cellular behavior as well as GNP internalization. Nevertheless, our novel hybrid micro-nanoscale hydroxyapatite-coated GNP-modified UV-treated TiO~2~ surface seems to be the clear winner regarding the speed and extent of differentiation, spread, osteogenic gene expressions and even mineralization which is indicated by this high alkaline phosphatase activity.

Our attempt was to combine different treatment modalities in order to get the advantages of each and get the most biocompatible TiO~2~ surface. The results show that we have largely succeeded in doing that. The new surface (3B) that we have created have shown the most cellular differentiation and proliferation within the first 24 hours, it showed the highest expression of osteogenic biomarkers after one week and the highest ALP expression two weeks after seeding the TiO~2~ plates with the MSCs. Cellular morphology and function were significantly enhanced in 3B even when compared to the closest modality (2B). This indicates that GNPs played a vital role in this osteogenic cascade. Though we did not test for the p38-MAP Kinase signaling pathway, based on the levels of mRNA expression of the osteogenic biomarkers, we believe that the GNPs triggered the differentiation process, and it was enhanced by the increased protein absorption caused by the effect of the UV rays.

Our method showed highly enhanced cellular differentiation rates on a titanium. The new topography could further enhance the already existing "Superosseointergration" phenomenon, meaning that it can improve the bone to implant contact (BIC) ratio to more than 98% in a very short time, leading to better primary stability, less healing time, elimination of the stability dip, better anchorage for short implants and better predictability and prognosis. It could also open new treatment options in the fields of orthopedics and maxillofacial surgery for the use of screws, plates or any titanium surfaces. Further investigations should be done to evaluate the effect of this new surface on osseointegration in vivo.

5. Conclusions {#sec5}
==============

We have created a novel hybrid micro-nano titanium surface with a remarkable osteogenic potential. 10 nm GNPs did not show any cytotoxicity. Immunofluorescence and SEM results showed that it highly increased the rate of differentiation, proliferation, attachment, spreading and mineralization. PCR results showed enhanced gene expressions of Col-1, OPN and OCN osteogenic markers. ALP activity was also higher than the other groups. GNPs plays an important role in cellular activity and growth. Photofunctionalizing GNPs can highly improve its ostogenic capabilities. The new topography seems to have a very high potential in enhancing osseointegration and improving outcomes for implant, maxillofacial and orthopedic patients.
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[^1]: 2B vs 3B: T-test revealed that there is a significantly high increase in the OD of 3B compared to 2B with P value \< 0.0001.

[^2]: \**B2 vs B3:* Unpaired t test: shows that there is a significant increase in viability in 3B compared to 2B with a P value of 0.0330.

[^3]: \**2B vs 3B:* Paired t test showed that there is a significant increase in Col-1 Expression in 3B compared to 2B with a P value of 0.0238.

[^4]: \**2B vs 3B:* t test showed that there is a significant increase in OPN Expression in 3B compared to 2B with a P value of 0.0023.

[^5]: \**2B vs 3B:* t test showed that there is a significant increase in OCN Expression in 3B compared to 2B with a P value of 0.0038.
